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We have studied the properties of dense colloidal suspensions with a combination of small-angle neutron
scattering SANS) and diffusing wave spectroscof®pWS). Contrary to single light scattering, DWS provides
dynamic information on length scales, from 1 to 100 nm, comparable to SANS. This offers a unique range of
accessible length and time scales perfectly suited for(nbainvasive investigation of highly concentrated
systems. By this we obtain valuable information about the structural properties and the short-time diffusion of
electrostatically stabilized, but strongly screened, hard-sphere-like colloidal suspensions with volume fractions
up to 30%. We furthermore discuss the consequences of local structural ordering on the optical properties, such
as optical density and polarization. Quantitative agreement is found when comparing transmission measure-
ments (optical density with parameter-free numerical calculations based on the structural characterization

from SANS.
DOI: 10.1103/PhysReVvE.65.051403 PACS nun)er82.70.Dd, 83.80.Hj, 42.25.Dd, 61.12.Ex
[. INTRODUCTION paths and calculate the temporal autocorrelation of the inten-

sity fluctuations analogous to DLS. It is thus still possible to
The interactions between charged colloidal particles are a$tudy the dynamics of a colloidal suspension by measuring
fundamental importance for many questions related to théhe intensity fluctuations of the scattered light observed ei-
macroscopic behavior of colloidal suspensions, such as thether in transmission or reflection. While DWS does not yield
mechanical properties or, most importantly for industrial ap-explicit information on theq dependence of the so-called
plications, their stability against aggregatidd. Therefore, a dynamic structure facto$(q,t), it is capable of providing
comprehensive knowledge of both local dynamic and statiznique information on particle motion on very short time
properties of colloidal suspensions is important for the descales. The fluctuations of the scattered light measured in
scription of industrially relevant systems. On the other handfransmission result from the variation of the total path length
the length and time scales involved are experimentally muchy a wavelength of light. However, since the light is scat-
more accessible for colloidal suspensions than for atomic otered from a large number of particles, each individual par-
molecular systems. This makes colloidal suspensions idedicle must move only a small fraction of a wavelength for the
candidates to serve as well-controlled model systems in stazumulative change in path length to be a full wavelength.
tistical mechanics, e.g., for the study of liquids, gels, glassesTherefore, DWS can probe particle motion on very short
etc.[2-6). length scales, and it has, for example, been demonstrated that
Information about the static and dynamic properties ont can measure motions of particles of ordepin in diam-
length scales comparable to the size of the particles is usuallgter on length scales of less than 1 i#,13. In this paper,
obtained from static and dynamic light scatteriG§LS, we demonstrate how a combination of DWS and small-angle
DLS) in the single-scattering regini@,8]. In dense suspen- neutron scatteringSANS) can provide quantitative informa-
sions, however, these powerful techniques cannot be appligibn about the static and dynamic properties of highly
in most cases due to strong multiple scattering of light. Inscreened charge-stabilized colloidal suspensipalystyrene
addition, theq range[g=4mnsin(@/2)/\] and hence the latex spheresA full structural characterization is also a pre-
length scales probed by standard light-scattering techniquegquisite to quantitatively describ@nd henceforth predict
(An=~400 nm) are limited t@<0.03 nm ?, further com-  the optical properties of dense colloidal systems. As a first
plicating its application to many concentrated systems. Arstep towards a complete understanding of this class of mate-
elegant way to overcome this limitation is to take advantageials, we compare the optical density of our model suspen-
of the multiple-scattering process rather than avoiding itsions, as obtained from transmission measurements, with
Diffusing wave spectroscopfDWS) works in the limit of  parameter-free numerical calculations based on the experi-
very strong multiple scattering, where a diffusion model canmentally determined structure fact8¢q) from SANS. Fur-
be used in order to describe the propagation of the lighthermore, we discuss in detail how the concentration depen-
across the samp[@®-11]. Using such a diffusion approxima- dence of S(q) modifies the polarization properties of
tion, one can then determine the distribution of scatteringnultiply scattered light. We note that our general approach of
combining SANS and DWS is not limited to this specific
system but can be equally well applied to other soft particle
*Corresponding author. systems, such as aggregating and gelling suspensions or col-
Email address: Frank.Scheffold@unifr.ch loidal suspensions near the glass transition. These more com-
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plex systems are a subject of our ongoing research activities B
and will be discussed in future articlg$4]. 5 1000
1
Il. MATERIALS £ 100;
(=
Charge-stabilized aqueous suspensions of polystyrene £
spheres were prepared at different volume fractignsange g 10+
0.4—30%. The samples were taken from a stock suspension §
of 8.2% solid weight fractior(as obtained from Interfacial 2 o001 01
Dynamics Corp., Portland, QRo which salt was added to Scattering vector (nm”)

obtain a final ionic strength of 5 I of KCI. At the chosen
ionic strength, the electrostatic repulsion between particles i
expected to be almost entirely screened with a screening
length of 4 nm or less. We additionally added 2 mM of
SDS to increase the stability of the suspension against aggre-

gation. Concentrated suspensions were prepared by slow wa- The smearing induced by the instrumental setup is in-
ter evaporation in a dialysis tube, thereby further increasingluded in the data analysis discussed below. The ideal model
the salt concentration and decreasing the screening lengticattering curves were smeared by the appropriate resolution
The sample concentratiorigolume fractiong) were deter-  function when the model scattering intensity was compared
mined, with an estimated accuracy of2.5%, by drying a to the measured on@1,22. The parameters in the models
known suspension amount and subsequent weigfpoly-  were optimized by conventional least-squares analysis, and
styrene density 1.05510" 2 kg/m?). Multiple neutron scat- the errors of the parameters were calculated by conventional
tering has been suppressed by partially contrast-matching tigethods23].

particles using a 5kD-D,0O (~40:60) mixture. Small addi-

tional contrast corrections have been performed separately B. Results

for every sample before each SANS measurements. How-
ever, this does not affect the particle interaction propertie§n
and the light-scattering contragall systems show strong
multiple light scattering

FIG. 1. Neutron scattering intensity for thg=0.4% sample.
he solid line shows the best fit using the form factor for spherical
articles witha=79.8 nm.

Figures 1 and 2 show the results obtained from measure-
ents at samples with different solid content. The measured
intensity 1(q) as a function of the scattering vectqrcon-
tains contributions from the particle structy@ANS particle
form factor F(q)] as well as from interparticle interaction
lll. STRUCTURAL PROPERTIES effects[structure factos(q) ], 1(q)<F(q)S(q). F(q) can be
determined experimentally from a dilute suspension as
] ) ~shown in Fig. 1. We have used a 0.4% dispersion and the

The structural properties of dense colloidal suspensiongasyit has been fitted using a polydisperse form factor con-
were studied using small-angle neutron scattering at th@ojuted with the instrumental resolutidsee inset of Fig. 2

Swiss neutron source at the Paul Scherrer Institutée On that basis, we determine a particle radius af
present a systematic comparison of the static properties of 79 8 nm and a polydispersity of about 3&upplier speci-
such systems, characterized by thdependent neutron scat- fication: radius 85 nm, intrinsic polydispersig§%).
tering intensity, to the theoretical predictions for suspensions Figure 2 shows the corresponding scattering intensity
of hard spheres, as obtained from integral (_aquations theomy the $=0.12%, ¢=0.15%, ¢=0.25%, andd=0.3%
[15]. The measurements were performed with a mean nelszmples. In all cases, the experimental data are found in ex-
tron wavelength of 1.68 nm and at a detector distance Ofg|lent agreement with the theoretical prediction based on
18 m, which corresponds to they range of 0.01 jntegral equations theory using the Percus-Yevick closure re-
—_0.1 nm L. _The s_cattered neutron intensity was re;cp_rdeqation derived for a suspension of hard sphefs]. The
with a two-dimensional2D) neutron detector. The initial only adjustable parameter in our fitting procedure is the
data treatment and the data analysis were performed as d@ample volume fractiombes, which is found in good agree-

scribed in[16]. The samples were kept in stoppered quartzment with the values obtained from drying and weighing
cells (Hellma, Germanywith a path length of 1 mm. The (Fjg. 2).

neutron spectra of water were also measured in a 1-mm path-
length quartz cell. The raw spectra were corrected for back-
ground from the solvent, sample cell, and electronic noise by
conventional procedures. Furthermore, the two-dimensional
isotropic scattering spectra were azimuthally averaged, con- The optical density 1f is a key quantity to characterize
verted to absolute scale, and corrected for detector efficienagndom media. For a given system size, it separates the re-
by dividing with the incoherent scattering spectra of puregime of diffuse light propagation from moderate or weak
water[17-20. scattering. This means that if the system dimensions are
much larger thart*, it is optically dense and the transmis-
sion of unscattered light is suppressed. With further increas-
Lvilligen, Switzerland, http://sing.web.psi.ch/ ing optical density, deviations from the simple picture of

A. Small-angle neutron scattering(SANS) experiments

IV. OPTICAL DENSITY—THE INVERSE TRANSPORT
MEAN FREE PATH
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FIG. 2. Neutron scattering intensityq) and static structure fact@(q). The latter was obtained by fitting the PY-structure fa¢tmrd
spheres, convoluted by the system resolytieith an effective concentratiogh.; to the SANS intensity as shown by the solid lines on the
left-hand side(for details see text The figure shows the results for different volume fractiof®: ¢=0.12 (¢.z=0.103), (b) ¢
=0.15(pes=0.181),(c) ¢p=0.25 (¢e=0.256), andd) ¢»=0.3 (¢p=0.289).

diffuse light propagation appef24,26,25 until atkgl*~1  wavelength of light and therefore we expect a pronounced
(loffe-Regel criterion26]) a complete breakdown of classi- influence of structural correlations on the optical density.
cal transport theory is expected; light cannot propagate any S _

more due to strong Anderson localizatif26—2§. Despite A. Photon diffusion in suspensions of hard spheres

this importance, only a few studies have addressed the ques- Light propagation in disordered materials is determined
tion of how interparticle interactions influente [29-31]. In by the scattering of the individual particlésr in more gen-
this paper, we present, to our knowledge, the first studyeral terms the variation in the refractive indgfor spherical
where all system parameters have been determined indepgparticles given by the Mie scattering functioR(q)
dently in order to predict theoretically the optical density of:kg(daSC/dQ) [32], the particle number densityp

a sample. In the following section, we will briefly review the = ¢/(4ma%/3), and interparticle correlations characterized
existing theoretical models. Subsequently, we describe thby S(q). For dilute noninteracting systemi$(q)=1], the
experimental procedure and compare both theory and experptical properties can be characterized by the scattering
ment. Note that our particles are much smaller than thenean free path33],
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1 1 (4 St;tic transnllission I I I ,I/ -
|= = , (1) 0.154 © s(g), a=79.8nm from SANS e 4
2m 2"°P(q) qdq POse " no conelations e-83nm)
k4 0 — ] ///

’ 'E 0101 e P
which is found inversely proportional to the total scattering 2 7 &
cross section of a particle.. Initially this leads to an ex- l 2
ponential decay of the unscattered intensity transmitted = 0.05 A T
through a slab of thickneds: To=exp(—L/I). With increas- # *
ing density, multiple scattering contributions become impor-
tant until in the case of strongly turbid systems light propa- 0.00 #—— . . T . T
gates diffusively, henceT«=I*/L. The typical length 000 005 010 015 020 025 030 035
characterizing the diffusion process is the transport mean ¢

free pathl*, which can be written quite generally in terms of

the mean-square scattering vedibt], FIG. 3. Inverse of the transport mean free pathf Hs a func-

tion of the volume fractiong. Circles: data obtained from static
transmission measurements. The lines show the theoretical predic-
I* 1 2k§ tions for a suspension of hard spheres of radius 83[dashed line,
T 1—{(cosb) :<q2> ) 2 without interactionsS(q) =1; solid line, with correlations modeled
with the PY static structure factbrThe parameter free predictions

. from the SANS measurements are shown as diamgaglg5) with
(') denotes the angular average over all scattering ar@gles a=79.8 nm,S(q) from SANS).

weighted by the scattering probability. For dilute systems,
the scattering probability is simply given by the differential

*
cross-section or single-particle scattering functit(m). Po- 1+ f I_S)
sitional correlations between particles affect dramatically the T I 3L
optical density of concentrated colloidal suspensions because Ts % 4 1% ®)
they change the angular distribution of scattered light emerg- s ( 1+ 31T

ing from each scattering event and therefore change the
value ofl*. For correlated systems we repld@€g) with the

full scattering functiorP(q) S(q): thus we obtain Figure 3 displays the determined values df Ids well as the

theoretical predictions. Quantitative agreement is found be-

o tween theory and experiment. For the parameter-free SANS

f OP(q)S(q)q3dq calculations, we have considered a particle siae
=79.8 nm(see Sec. |l Bfor the calculation ofP(q) lead-

3 ing to slightly lower values of 1f.

(0%)= —7c
fo P(q)S(q)qdq
V. DYNAMICS

or A. Particle motion in a dense suspension of hard spheres

2K In the classical DLVO theory35], for charged particles

j P(q)S(q)qdq the (kinetic) stability is explained by assuming that a repul-
@ sive, Debye-Huakel-type interaction superimposes to the at-

2kg oy tractive van der Waals interaction, resulting in a net repulsion
fo P(a)S(a)g°dq between like charged particles if charges are sufficiently
large and the screening by the surrounding electrolyte is not
too strong. The dynamic properties on short length scales are
then usually discussed in terms of an effective short time
diffusion coefficientD4. For sufficiently short-times the ran-
o 1 dom diffL_Jsive.motiorj of a colloidal particle in a solvent_of
|*:k8< WPJ OP(q)S(q)q3dq> . (5) known viscosityn is therefore fully characterized by its

0 mean-square displacementr?(t)=6D. For dilute and

noninteracting systemg ¢ reduces to the free diffusion co-
efficient given by the Stokes-Einstein relatifil,

I*

|—=2kg

Therefore, the general expression férin a correlated sus-
pension of spherical particles reg®9]

B. Experiments and results

To determine the concentration dependencel of we _ kgT
measured the transmitted intensitieshrough a slab for the O 6mpa’
samples of interest relative to reference samples, of
known |5 . Thus the ratio of transmitted intensities directly where a is the particle(hydrodynami¢ radius.D, can be
yields the unknown* [34], measured in a dynamic light-scatteridQLS) experiment

@)
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where the relaxation time of the exponentially decaying field -The,mom
autocorrelation functiom,(t) is given by[8] Laser
fiber A=488nm
3 [ —
0= 5" ) | /
Doq polarizer ~ Sample /AN

In concentrated systems it has been shown that the particle
dynamics is still diffusive. Structural correlations and hydro-
dynamic interactions, however, influence this diffusion pro-
cess. Taking this into account, we can express the effective
g-dependent diffusion coefficient in the following terig:

PMT

correlator

5

correlator

FIG. 4. Diffusing wave spectroscopyDWS) experimental

H(q) setup. An expanded, polarized laser bearns @88 nm) is incident
De(Q)=Dp=—. 9 on a sample cell immersed in a temperature-controlled water bath
S(a) (T=22°C). Temporal fluctuations are detected either in transmis-

) ) S ) ) sion or backscatterin§with a polarizey using single-modgSM)
The influence of interparticle interactions on the particle dy-fipers, The intensity fluctuations are subsequently analyzed with a

namics is described bPq(q)=Dsh(q)/S(q), with h(q)  photomultiplier and a digital correlator.
=H(q)/H(«). Dg=DyH(«) denotes the short-time self-

diffusion coefficient. We used the Beenakker-Mazur formal-yith
ism [36] to calculateh(qg) and, in that way, include hydro-

dynamic interactions in our analysis. The static structure 2kg 3

factor was taken from the independent SANS measurements fo P(a)S(a)g°dq

as described above, which leaves our analysis free of any R=— , (12
adjustable parameters. Rather than using the core size ob- f OP(q)h(q)q3dq

tained from SANS, we use the hydrodynamic radius of the 0

particles for our dynamic analysis, which has been deter-
mined independently by DLE] of a highly diluted suspen- 7o=(Dok§) ~*, ko=2mn/\ is the wave numben is the sol-
sion to a=83+2 nm. We can therefore fully predict the ventrefractive index\ the laser wavelength in vacuum, and
short-time self-diffusion coefficient for our hard-sphere-like P(q) is the Mie scattering functiorP(q) = k3(dos/dQ)
systems, without any adjustable parameters. In the followin§32,39. This expression, which we evaluate numerically,
section, we will compare these predictions with experimentatakes into account both the influences of structural correla-
results obtained from a dynamic multiple light-scatteringtions, S(q), and hydrodynamic interactions,h(q)
analysis. =H(q)/H(«), which makes arad hoc estimation of the
concentration dependence odifficult.

B. Diffusing wave spectroscopy—DWS

DWS [10,11,29 is an extension of DLS to the limit of C. Experiments and results
strong multiple scattering. Both techniques are based on the In our DWS setup, the sample cell is mounted into a water
analysis of fluctuations of the scattered light intensity in abath which serves as a temperature-control reservbir (
localized spatial regiofspecklg. The fluctuations reflect the =22°C) as shown in Fig. 4. Furthermore the water signifi-
internal dynamics of the scattering medium and can be chaeantly reduces total internal reflection at the sample cell wall.
acterized by their normalized field autocorrelation functionA polarizer and\ half-wave plate setumot shown allows a
g.(t). For ergodic systems, the field autocorrelation functioncontinuous variation of the incident light intensity coming
is linked to the intensity autocorrelation function through thefrom an Ar* laser at a wavelength af=488 nm. The beam
Siegert relatiorg,(t) —1={(I(0)I(t))/{1(0))2—1=|g.(t)|>.  has been expanded to a diameter of about 7 mm. The
In transmission geometriplane-wave illumination[11,37,  samples at higher concentrations are identical to those used
in the SANS experiments. For concentratiahs:10%, we
_ (L/1*+4/3) 6t/ have used cells of different thickness such thédt =20 for
t)=— . (10 . o g
sind (L/1* +4/3)\/6t/ 7] all samples, thus ensuring the validity of the diffusion ap-
proximation[9-11]. We have measured the intensity corre-
If the interparticle structure facto®(q) is known, we can lation function in transmission geometry for different con-
relate 7 directly to the short-time diffusion coefficied, ~ centration ranging from 1% to 30%. In Fig(&, we plot the
=DyH () via an integral expressidi29,39, decay timer relative to its value at low concentratiory,
obtained from a fit of the data to E¢L0). We then compare

2kg 3 the experimental results to a parameter-free model calcula-
J P(q)S(a)q°dq tion using the Percus-Yevick static structure fac$q) ob-
T [S] 0 Do . .
— == =—R, (11 tained from the SANS measurements, the Mig| scattering
7o [H] J' OP(q)H(q)q3dq s function P(qg), and the Beenakker-Mazur hydrodynamic
0 function h(q) [36,40. Excellent agreement between theory
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FIG. 6. Field autocorrelation function from DWS in backscatter-
ing geometry for¢p=25%. From a fit to the linear slope of ¢;(t)
as a function ot?, the values ofy,; and yy are obtained.

VI. DEPOLARIZATION OF LIGHT IN CORRELATED
SUSPENSIONS

D, /D,

0.2+ 7 Multiply scattered light can also be detected in reflection

(backscattering geometry where the following expression

°'°00 o o2 o (incident plane wavedescribes well the measured correla-
' ' ' ' tion functions (>1*) [11]:

0

FIG. 5. (a) Concentration dependence of the relaxation time 9(1)(t)ge_wm' (14)
The solid line represents the theoretical prediction for hard spheres, ) )
Eq. (11). TheR(¢) contribution in Eq.(11) stems from the modi- N @ scalar theory of diffuse wave propagation, the constant
fied light propagation in correlated suspensions whilg/Dy(¢)  ¥~3 takes into account the coupling of the incident light to
reflects the slowed down particle diffusiofh) Ratio of the diffu-  the diffuse propagation inside the medifi4i8,44. However,
sion coefficientD (( )/ Dy= 7,R($)/ 7 vs ¢. The solid line shows initially linearly polarized light reflected from a turbid me-
the virial expansion oD4(7,R(¢)/7) for hard spheres, Eq13). dium comprises a fair amount of light scattered along short
pathss~1*. Such short paths preserve polarization to a large
extent since polarization of the scattered light is lost expo-
and experiment is found. For illustration purposes, we alsmentially withn=s/l+1 [11,45,48.
display the integraR as a function of concentratidisee Eq. In DWS experiments, it was found that thelarization
(12)]. In Fig. 5b), the corresponding diffusion coefficients memoryinfluences the value of but does not significantly
are shown, as obtained by dividing the measured values of alter the functional shape of the correlation function, @4)
7o With the calculated value dR at a given concentration. [11]. In an experiment, the different components of vertical
The experimental values @ follow the well-known virial ~ (VV) and horizontal YH) polarization states can be de-
expansion of the short-time diffusion coefficidutl], tected separatelyMV detection measures the polarization-
conserving component of the scattered ljigiRrevious ex-
Ds(2) periments have addressed the influence of the particle size on
Do Yvh,vv [11,45-47. It was found that the polarization prop-
erties of reflected light are connected to the characteristics of
Note that this experimental approach can be used quite gethe single-scattering process: sm#hyleigh particles scat-
erally to obtain model-free information about the colloidal ter isotropically (*=1) and light leaves the sample with a
dynamics at elevated concentrations. In the above analysihjgh degree of polarization after only a few scattering events.
we have considered the stationary hydrodynamic functionn contrast, for larggMie) particles (*/I>10) many scat-
h(q) as an input to calculate the short-time self-diffusiontering events occur already for paths of lengthl*, which
constantD4(¢) from the experimental data. In a more gen- leads overall to an almost full depolarization of the reflected
eral approach, described in detail in Ref2], the dynamic light.
properties of dense colloidal systerf®ispensions, glasses,  Using our well characterized system of smé&ilmost
gels, eto). can be accessed directly from the measured correRayleigh-like colloidal particles, we have addressed the is-
lation function providedS(q) is known. For very short cor- sue of how interparticle correlations influence the depolariza-
relation times, the full g-averaged time evolution of the tion of multiply scattered light. Such information is valuable
hydrodynamic function[H(t)] can be studied by DWS since in practicge.g., for applications in particle sizing or
[42,4Q. process monitoring, see, e.f11,48) the systems are often

=1-1.83g+0.884. (13
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' ' ' VIl. SUMMARY AND CONCLUSIONS

0 I + ------------- %+ 25 We have investigated structural and dynamical as well as
+*+ ---------- + """ VH optic_al properties_of char_ge—stabiliz_ed_ coIIoi_daI suspensions.
Provided that the interaction potential is sufficiently screened
(as it is in our casg the system can be described as a sus-
Y pension of hard spheres. Different static and dynamic aspects
15 145 of these materi_als have been addre_ssed. Using _small-angle
. §.§..§ ...................... o \'A" ) neutron scattering, we have determined the static structure
factor S(g) which is found in excellent agreement with inte-
10 10 gral equation theory for a suspension of hard spheres. Our
: 01 02 03 results show once again that SANS is an ideal tool to study
the structural properties of dense suspensions at any volume
fraction if the solvent scattering length densityg water-
FIG. 7. Solid symbols: concentration dependenceygf; and ~ deuterium mixturgis properly chosen in order to avoid mul-
yvu (dashed lines are a guide to the eyes prihe averagéy)  tiple (neutron scattering. Compared to light scattering,
= (yyn+ yvn)/2 (open circlesis found almost constafisolid line, ~ SANS offers particular advantages for strongly turbid sys-
(y(¢=0))=1.815,. tems and allows measurements at laggealues, difficult to
access otherwise. In comparison to high flux x-ray scattering

highly concentrated, and without any knowledge wfan [49] SANS is absolutely nondestructive. Based on the mea-
accurate analysis of the local colloidal dynamics is impos-Surements o5(q), we compared the optical density of our
sible[note that the value of enters quadratically the analy- colloidal systems to the theoretical predictions and good
sis of 7 in Eq. (14)]. As a first step towards an understanding@dreement is found as well. We conclude that even in the
of the complex interplay between structural ordering and de¢ase of particles much smaller than the wavelength of light,
polarization of light, we have measured the correlation funcihe theoretical concepts to describe photon diffusion apply
tion in backscattering geometry for both detection states, Figluantitatively. We have furthermore shown that a full struc-
6. The corresponding results for (Fig. 7) display an unex- tural characterization provides an excellent basis for the
pected strong concentration dependence.dks a matter of ~ Study of local particle dynamics using DWS. Finally, we
fact, the difference betweep,; and yyy increases continu- have_ad(_jressed the_ influence _of structural cqrrelanon_s on the
ously with increasing concentration. Such a behavior can b@0larization properties of multiply scattered light and its im-
understood qualitatively based on the concentration depe@ct on DWS experiments. The observed strong concentra-
dence ofS(q) shown in Fig. 2. Increasing short-range struc-tion dependence can be explained in terms of the modified

tural order{ ()] leads to a lower scattering intensity at low single-scattering properties due to the Ic_)cal_ structural order.
q (i.e., forward scattering The value ofi*/I, given by Eq. Our results demonstrate that a combination of SANS and

(4), is thereby reduced until it becomes even smalier than PYWS is @ method perfectly suited for the study of structural
for concentrations abové=22%. Hence on average light is and dynamic as well as optical properties of dense particle

now scattered slightly backwards at each single scatteringyStéms. Future experiments will address more complex
event: for a given path lengts/I* [with s/1* = (s/I)(1/1*) tructures and interaction potentials, both attractive and re-

=(n—1)(I/1*)] it now takes fewer scattering everisand pulsive, which may allow us to elucidate the general effect of

therefore the degree of remaining polarization is higher. Alsdlirect anq indirec;t interactions on the macroscopic properties
note our experimental finding, Fig. 7, that the average valud' hese interesting materials.
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